lowest acceptable radiation dose for pelvic CT. Assessment of wear and osteolysis use of modern dual energy computed tomography technique.
Introduction
The first generations of uncemented acetabular compo nents had high wear rates. 1, 2 Wear particles from the polyethylene in the component cause pelvic bone loss around the component known as periacetabular osteoly sis (PAo). 3 This is a clinically silent process and the patient is asymptomatic until the PAo around the component has reached the level where the fixation of the compo nent in the pelvis can no longer be maintained and com ponent loosening occurs. 1 When this happens, the patient becomes symptomatic and the hip prosthesis has to be revised. A preoperative computed tomography (CT) examination is often performed. Many articles sug gest that CT should be the benchmark for assessing wear and PAo in total hip arthroplasties (THA). 4, 5 Even though the metal in the hip prosthesis causes considerable artefacts, 6 the image quality and possibility to measure wear and osteolysis have proven CT to be a more accu rate method than radiography. 7 MRI has in several stud ies shown both promising and disappointing results for detecting PAo. Artefacts surrounding metal objects make it difficult for accurate measurements of PAo when using MRI. Improved metal artefact reduction techniques makes MRI an interesting method in the future. 811 one concern has been high radiation exposure when using CT. Diagnostic radiographic examinations are the largest manmade source of radiation, contributing to around 14% of the total worldwide radiation exposure, and cause 0% to 6% of the cumulative risk of cancer in Europe. 12 The biological effects from radiation depend not only on the radiation dose to a tissue, but also on the biological sensitivity of this tissue. The effective dose, measured in millisieverts, is a tissueweighted sum of the absorbed dose in specific tissues. 13 A planar radiographic examination with three projections of the hip: a frontal pelvic view; anteroposterior view; and an oblique image, has a radiation dose of approximately 0.5 mSv, whereas a standard pelvic examination CT scan has a dose of approximately 3.5 mSv. 14 For comparison, average radia tion levels for a normal Swedish citizen is approximately 2.4 mSv/year. 15 There is no evidence that an effective dose of less than 10 mSv causes harmful medical effects, however, it is desirable to lower the effective dose as much as possible without losing information necessary to assess wear and osteolysis. 13 While conventional CT of patients with metal implants will result in beam hardening, photon starvation, and scatter artefacts, there are several techniques to reduce the amount of artefacts, often with compensatory disad vantages. 1620 By increasing peak voltage, increasing tube current, decreasing the pitch, and by using an extended CT scale, 21 image quality can be improved. Multiplanar reconstruction and increasing slice thickness have also been applied to cut down the amount of artefact. 2123 Dualenergy CT (DECT) has been shown to reduce metal artefact by exploiting the difference in absorption spectra with energy. Beamhardening artefact can be reduced with the synthesis of virtual monochromatic spectral imaging (vMS), an image reconstruction which depicts how the imaged object would look if the radio graph source produced photons at a single energy, allowing image reconstruction at high kiloelectron volt (kev) without increasing patient radiation exposure. 17, 24, 25 Iterative reconstruction is a mathematical algorithm to perform noise reduction on CT images, 18 ,2629 as opposed to filtered back projection, which directly calculates the image in a single reconstruction step.
The aim of this study was to use a porcine model to evaluate image quality using DECT examinations with the lowest possible radiation exposure that still enables the detection of PAo and wear, with clinically acceptable accuracy in uncemented THA. 30 
Material and Methods
We used a porcine pelvis stripped of soft tissue except for the joint capsules. The hips were dislocated and the femo ral necks were cut bilaterally. The acetabular surface was reamed with 40 mm (left side) and 42 mm (right side) reamers. on the left side, a 13.3 mmwide and 19 mm deep bone defect was drilled in the apical/dorsal direction to imitate osteolysis. on the right side, a 23.5 mm × 13.3 mm bone defect was milled into the apical region in the acetabular surface. The depth of this bone defect varied between 2 mm and 5 mm. In order to evaluate accuracy in the measurements, plastic clay was moulded into the lesions and lifted out and measured with a micrometer (Fig 1) . Both bone defects were then filled with minced meat to imitate the mucose substance normally found in bone defects. 16 Two titanium alloy cluster hole Trilogy acetabular components (Zimmer Biomet Inc., Warsaw, Indiana), a 40 mm (left side) and a 42 mm (right side), were fastened. A plastic liner (5.2 mm left side and 7.5 mm right side) for a 22 mm head was inserted. Both liners were worn down; 1.9 mm dorsal/apically on the left side and 4.6 mm apically on the right side, with a round drill to imitate plastic linear wear. liner thickness at the thinnest part and plastic moulds were measured with a microme ter and caliper after the CT measurements were made by the observers in order to avoid observer bias. Caliper measurements of the thinnest part of the liner on the left side were 3.4 mm, and on the right side 2.9 mm. The depth of the osteolysis on the left side and the width on the right side were measured with a micrometer (Fig. 2) .
Two Charnley hip prosthetic (DePuy orthopaedics, Inc., Warsaw, Indiana) femoral components with 22 mm heads were implanted in the femoral shafts. The pros thetic head was reduced into the component and the femurs were fixed in a standard position with sutures and tape. The pelvis was placed with the posterior portion down and the legs up, in a cylindrical container 300 mm in diameter containing iodinated contrast medium (omnipaque 320, GE Healthcare, Chalfont St Giles, united Kingdom) diluted to provide an attenuation cor responding to 40 Hounsfield units (Hu) in order to imi tate surrounding soft tissues. 24 Ct image acquisition. The prepared pelvis was examined with a Siemens SoMAToM Force (Siemens Healthcare GmbH, Forchheim, Germany), a third generation, 384(2 × 192)slice dualsource CT scanner. This scanner uses tension of 90 peak kilo voltage (kvp) and 150 kvp. A total of four different exposure levels were evaluated. The examination parameters for the four series are presented in Table I . Tube current modulation was used to keep image quality homogeneous between slices. The radia tion exposures were controlled by adjusting the image quality reference parameter to match the CT dose index (CTDI) and to the desired exposure levels. In addition to a base radiation dose level (a standard protocol suggested by the manufacturer), CTDI was reduced from 100% to 50%, 25%, and 10% of the CTDI of the base radiation dose level. This corresponds to 1.5 mSv, 0.7 mSv, 0.3 mSv and 0.1 mSv.
The images were reconstructed with a reconstruction diameter of 23 cm.
vMS images were reconstructed with a syngovia work station (Siemens Medical Solutions, Erlangen, Germany) for 100 kev and 150 kev and were compared with a poly chromatic (mixed) reconstruction (MPR). vMS with the two energy levels, 100 kev and 150 kev, was chosen because it has been shown to reduce beam hardening artefacts. 17 We chose 100 kev because a lower kev vMS might have advantages when evaluating bone defects in contact with the metal component. 24 For iterative recon struction we used ADMIRE (Siemens Healthcare, Forchheim, Germany) to postprocess the images to remove metal artefacts. It has five different levels of itera tions, from 1 to 5. 30, 31 Two levels of iterative reconstruc tions, ADMIRE level 0 (switched off) and ADMIRE level 5 (highest level of iterative reconstruction) were tested for 100 kev and 150 kev vMS and MPR. Image evaluation. In total, 24 series were evaluated. These correspond to four exposure levels: 1.5 mSv, 0.7 mSv, 0.3 mSv and 0.1 mSv, together with the different CT reconstructions (two levels of ADMIRE, two vMS and two polychromatic reconstructions, MPR). In all, two investi gators (BS and MS), one radiologist with more than ten years' experience reading CT images and one orthopae dic surgeon, evaluated the images on an EIZo RadiForce Rx340 monitor workstation (EIZo Global, Cypress, California). The investigators were able to scroll through the coronal plane, but were blinded to the acquisition and reconstruction parameters. Measurements were made on the same preindicated images to keep consis tency in the evaluations. Measurements of the created bone defects in the pelvis were referred to as measure ments of osteolysis, and measurements of the shortest distance between the prosthetic head and the inner sur face of the metal shell of the acetabular component were referred to as measurements of wear. linear wear on left and right side, the depth of osteolysis on the left side, and the width of the osteolysis on the right side were mea sured (Fig. 1) . Two observers (as above) independently evaluated these measurements one week apart. Statistical analysis. The measurements for each observer are presented as box plots (Fig. 3) . These show the dif ference between the micrometer measurement and the observed measurment for each observer, for each trial designated as B1, B2 and M1 and M2. Accuracy, the closeness of agreement between a test result and the accepted reference value, was calculated for osteolysis Actual drilled depth and width measured from a plastic mould using a micrometer for the manmade periacetabular osteolysis. Drilled wear mea sured with a micrometer. and linear wear (Fig. 4) . 32 The repeatability, the closeness of a results obtained by the same observer in the same laboratory using the same material, is shown in Table II where the results from both investigators' first and sec ond measurements are shown. This was calculated based on mAs alone, ignoring energy (vMS or MPR) and iterative reconstruction (ADMIRE level). A principle component analysis (PCA) was performed which showed the correlation of radiation exposure (in terms of mAs), energy (vSM or MPR) reconstruction, and iterative reconstruction (ADMIRE level) on the measurements. A BlandAltman plot was also done for both the osteolysis depth and width and for the right and left wear. Effective dose calculations. The effective dose resulting from the examinations in this study that would be given to a human, if all scan parameters except scan length were kept constant, were estimated. First, a dose length product (DlP) was calculated by multiplying CTDI by the scan length used for CT examinations of the hip (mean scan length for 20 random cases, 186 mm). The DlPs were then converted to effective dose by multiplying the DlP by a conversion factor. 33
Results
There was a small difference between the caliper meas urement and the measurements made by each individual observer for the two trials. However, there was a larger difference between observers ( Fig. 3 and Table II ). This was because the radiologist (MS) was more sensitive to the change in mAs as was determined by the PCA. The BlandAltman plots showed that the wear measurements were more consistent between the observers, as the oste olysis measurements were more influenced by the change in mAs. Furthermore, the osteolysis on the left side was connected to the acetabular central groove which can explain the difference between measurements from BS and MS. With the plastic moulds from the bone deficiencies, accuracy values for measured osteolysis and wear could be calculated and are presented in Tables III and Iv. The bone defect imitating osteolysis could not be relia bly measured on the lowest effective radiation level (0.1 mSv). Radiation exposure (proportional to mA) was the most important factor when measuring accuracy (Fig. 4) . For osteolysis measurements, the MPR was more accurate than vMS 100 kev, which was more accurate than vMS 150 kev. ADMIRE had best effect on vMS, but almost no effect on MPR. For the wear measurements there were only minor differences between MPR and vMS. The variations in measurements for wear were small and the radiation exposure had minimal effect on accuracy (Fig. 4) . Images showing a) osteolysis accuracy: the difference in measurements for both observers compared with actual measured distances. There were too many missing values at 10% radiation levels for both observers, hence these results are not shown; b) wear accuracy: accuracy is between 0.5 mm and 1.0 mm for all measurements.
When using a low level of radiation, iterative recon structions improved the accuracy for osteolysis (Table III, Fig. 4) . lower kev for vMS increased accuracy for bone defect around the component (Tables III and Iv) .
The effective human dose based on the examinations reported in this study are presented in Table v .
Discussion
In this study we have shown that linear wear can be meas ured with an accuracy of approximately 0.5 mm with a radiation level similar to the level we normally use in plain radiographic examination (PRI) of the hip (0.7 mSv). using CT, wear can be detected circumferentially around the ace tabular component, which can be difficult when using PRI. PAo could be measured with an accuracy of less than 2 mm at the same radiation level, which we consider would be sufficient in clinical practice. The two observers' measure ments were fairly consistent between the first and second measurement, but there was a larger difference between the observers on both occasions. This may be due to the lack of sclerotic rim, which is normally seen at the bounda ries of osteolytic lesions in humans and makes it harder to define the borders of the defect. At the lowest radiation exposure level 0.1 mSv (10%) there were several missing values, particularly for the monochromatic reconstructions, making this dose level insufficient for clinical use.
We used a very modern CT scanner with advanced software, which is probably the reason for the already low effective dose at 100% radiation exposure level (1.5 mSv). Radiation doses were also low due to the size of the pelvis. Even considering the fact that radiation doses were calculated for adult humans, the porcine pelvis was the size of that of an eightyearold child and therefore more easily penetrated by radiation. one main issue is what accuracy we are willing to accept. If 0.5 mm is acceptable for wear measurement, then 0.7 mSv (50%) radiation exposure levels are suffi cient for metaltometal measurements, such as linear wear. vMS with 150 kev is preferable compared with lower energies, although differences are very small. For PAo, accuracy was approximately 2 mm in this study. There was little difference between 100% and 50% radia tion exposure level and with iterative reconstructions; the radiation exposure level could be reduced to 25% with out major loss of accuracy when measuring PAo. other authors have described very low and even extremely low radiation exposure levels for CT. 30, 31, 34 However, those studies have not included large metal implants.
Some limitations of this study include the small size of the porcine pelvis and the fact that the surrounding soft tissue was replaced by iodinated contrast medium. The image quality therefore does not give an exact reflection of a human pelvis for these effective dose levels. Further trials on humans are needed to learn the extent to which radiation exposure levels using CT can be reduced while maintaining acceptable image quality for clinical use.
Some strengths of this study include the repeatable conditions for measuring the periacetabular bone defects and the distance between the metal objects of known size, which made it possible to calculate accuracy. The use of two independent and blinded reviewers for assess ment of the CT images was also a strength in this study. For screening purposes in arthroplasty assessment, a polychromatic CT with iterative reconstruction is pre ferred as it provides high accuracy for both metalto metal measurements and defects in the surrounding bone.
In conclusion, our results indicate that prosthetic lin ear wear and PAo could be assessed with clinically acceptable accuracy at a CT radiation exposure level on a par with conventional radiographic examination. A poly chromatic CT with iterative reconstruction provided the highest accuracy.
